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THIN-FILlVi:CAtHODE FOR 3-DIMENSlONAL 
mCBLOBATt^Y Aisb MeiBQD FORPREPAlUNG StJCM 

t 



; ' i 

FIELD OF THE INVENTIOK 

This invention relates iit geomi to thin-film batteries. More specifically, the 
invsaition relates to a mefliod fiar producing a cafliode layer for thitt-fflm 
5 imorobdteries Bavihg;a 3-tf iffifitoe ahd ihei cathodes obtained by siicfi rnifliod. 

T.TSTOifRKFEKENCES ! 

The fdlowmg lefearencies are coniidered to be pertllient for flie purpose of 
10 ^m^t-i^i i^itiwg the background of.the present ipventlMi: 

A. Albu-Yaioii et alj li^ SoUd FiJm4 3^-362'(200O> 223-228'; 

Bates et aU U.S, Pat^i^o.' ^.338.(S25; 

Bates etaL. U.S. Patent No. 54»67;210; 

Becker etal.. U.S. Patent 6,214461; 
15 J. J. Devadasanjet ai, Josnmal of Crys^ Growth 220 (200I)' 67-72; 
. P. Fiagnaod et k, Joo^il of Power S&vUJi S4 (bpS) 362-36!s; 

Laezmer et al, UJS. Patents 5,498312 and 6.303,512; 

I. Martin-Xiias et al., Jouinal of Power Sources 97-98 (2001), 545- 547; 

Y IMQkiet aL, Journal of Power Sources 54 (1995) 508-510; 

20 Nathan et aL, U.S. Patent No. 6.197.450; 

NonnftR.de'Rcconietal,J.Phys.Chein.(1996), 100. 18234-18239; 
R A. Ponomarev et aL, Hun Solid Films 280 (1996) 86-89. 
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B ACKGilOUND OF THE INVENTION 

Th^re is a global race to develop miniaturized powet soiirces for 
S applications including implantable medical devices, remote sensors, miniature 
transmitters, smart cards, and! MEMS (nricro-electro-mechamcal-system) devices. 
Thin film lithium batteries :are the leading candidates today, but the existing 
planar technology has limitations such as low energy density. 

In thin-film battery technology the batteiy cell components cto be 
10 prepared as thin, e.g. 1 micron, sheets built lip in layers. The anode, the 
electrolyte and the cathode are in the forai of thin films. Consequently, the anode 
Is located close to the cathode resulting in high current density, high cell 
elBciency and reduction in the amoimt of reactants used 

The capacity of tfahi-fllra batteries is directly proportional to the area and 
15 thickness of the anode-electrolyte-cathode layers that form it. U.S. Patent No. 
6.197.450 describes a method to increase the capacity of thin-film 
electrochemical devices by increasing the surfece-to-volume ratio of the substrate 
upon which the layered thin-film structure is dqposited, This is accomplished by 
etching ttie battery substrate to foim an array of variable-shaped through-holes. 
2D The use of such a substrate increases the available area for thin film deposition^ 
thus leading to an increase in volume, i.e. capacity of the cell. U.S. Patent No, 
6,197,450 also describes a 3-dimenaonal (3-D) thin-fihn micro-battery with 
layers deposited inside the holes and on both flat surfaces of the substrate. 

Several studies on catbode materials have been performed to improve ^e 
25 electrochemical performances of micro-batteriiBs iased in microelectronic devices. 
Some well-known materiab used as the cathode (positive electrode) in lidnum-ion 
batteries are LiMnzO/i, V2O5, LiCoQz and TtSi which have been prepared in the 
form of a tiiin-fihn by various deposition methods. 

U.S, Patents Nos. 5,338,625 and 5,567,210 disclose a novel vanadium 
30 oxide cathode and use of physical deposition techniques such as rf or do 
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magaetron sputtenng for the fahrication of thm-film lifhium cells, especially 
thin-film micro-batteries having application as badkiip or primacy integrated 
power sources for electronic devices. The batteries are assembled ftom solid-state 
materials, and can be fabricated directly onto a semiconductor chip, a chip 
5 package or a clilp carrier* 

Others have disclosed metfiods of preparing difTerent cathode materials. 
Ftit example, P. Fra gnai id et al disclose, a method of preparing a thin-fiam made 
of LiCoOi or LiMn204 for use as cathodes in secondaiy lithium batteries. These 
fihns were prepared by chemical techniques such as CVD (chraiical vapor 
10 deposition) and spray pyrolysis. 

Also, L Martin-Iitas has disclosed the preparation of tungsten. o:9£y5uIfide 
(WOySji) thin films by reactive radio-frequency magnetron sputtering. 

Preparation of polyciystailme tungsten disulfide thin film by 
elcctrodeposition on conducting glass plates in galvanostatic route was described 
15 by L J. Devadasan et al. The obtamed fihn was used for photoelectrochemical solar 
cells. 

A M0S2 cathode material fi>r lidiium secondaiy batteries was synthesized by 
Y. Miki et al. by using themial decomposition of (NHd)2M6S4 in a hydrogen gas 
flow at temperatures from 150 to 300°C. M0S2 thJn fi1tt>Q ^ere also prepared by 
20 electrocheniical dqjosition Iqr reduction of tetrathiomolybdate i^^ described 
1^ E. A- Ponomarev and A. AJbu-Yaron, Accordmg to these publicaions M0S2 
may be used for various applications such as solar cells, solid lubricants and 
rechargwible batteries. . r 

A material which is usefhl in solar cells and hi potetitiometric sensor devices 
25 is copper sulfide. Chemical sulfidisation of copper was described by N. R. de 
•Tacconi et al, where the fomiation of cbpp& sulfide fihns at copper anodes was 
accomplished in sulfide containing aqueous NaOH media. 

Most of thfc known methods for die foimation of thin fihns for battery 
plications, includmg physical methods as sputtering and spray pyrolysis require ^ 
ap flaisuifeces and are therefore unsuitable for "con^ 
i 
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stractusss in wiudi the deposited films &ave to foUow a surfice's contour Tfaus, 
present deposatiQii melhiods are yhacceptably disadvahtageous tor fbe pFoducdon of 
3«Dfhui film batteries. j • 

StOMMARYOPim 
5 There is a need in ^^Jart to ptovide an inexpensive and relatively simple 

method for pitepating cathWe thin layers -and may be cairied out at ambient 
temperatures. The presfent ifiyention provides a simple electrochemical nuethod for 
the. production of cathode actlv^ materia. The me&od of ihe invention enables to 
form thin film microbatt^es/ |pieferably 3'D mic^obatteries in ICP-etched 
10 structures, or in any other substrates with through cavities of various shapes. 

Thus, Hie present invention provides according to a &st aspect thereof, a 
method-for producing a ffith^m catHode coApns^igp , 

(0 eiectrolessly deposit^ a layer bf a:Cohducting material on the 
surface of a/ sutyiate;- and 
15 (fi) electrochemically dq)i>sitl^ig oil the surface, of said layer of conducting 
material a catiibde ac^ve matiezial which comprises sulfides or oxides of 
atran^itifm inetdllahd ipbctuxes of such sDlti^es and oxides^ 

■ ■ • _ ■ < ' : 

The l^er of conducting material; fonned m step (a) serves as current 
2D collector and is made of a metal compatible with the calhode active material such 
as Ca, Ni, Co, Fe, Au, Ag, Pd, Pt or their alloys. The: cafliode active materials 
formed in step (b) are|bel§'cite^ jfrom Cu^S, iMpS^jj^ > 'S^Sy wheire: x = 1-4 and 
y=l-10, ComQn, Mo^nOn wheie'm=l-2, and n«l-3, WS2, and mixtures thereof 

The cathode prepared by the method of the invention may be used in high 
2S energy-density micro-electrochemical energy storage devices such as Li or Li ion 
microbatteries. According to a prefenred embodiment, the insulatmg substrate is 
provided with a plurality of through cavities of arbitrary shape, for example a 
(^Undrical shape. Ihe cavities are characterized by having an aspect ratio greater 
than 1, more preferably between 2 to about 50. The microbattery componeiKts are 
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dq}09ited between the cavities and throu^oitt fhe inner sur&ce of fhe cavities. 

The insulatins <^ semicondacting substrate may be made fiom glass, 
alumina^ semiconducdng materials^ cetrauc materials, oii^ttuc poljymeiSt 
glass-epoxy coxnposhes silicon or siliccn-contaming materials a^d tbe like. The 
5 Ihin fibn ca&ode layer prepared by the method of the uivehtion provide another 
aspect of tile presoit hivention. The thin film cathode film is fbnned on a 
substrate which is made of an insoUUingj semiconducting or electronically 
conducting material and is preferably provided witii a plurality of tfarou^ 
cavities of arbitrary shape, having an aspect ratio greater than 1. 

£0 BRIEF DESOUPTIONO]? THE DRAWINGS 

In oiidw to understand the invention and to see how it rnay be earn 

practice, a prtfeEred-embodhjient will new be described, by way of non-Um^ng 

exan^le only, with reference to die acconq)ai]ying drawings, in whicda: 

Fig. 1 is a SBM of through cavities in the form of cylindrical holes; A- top ^ew; 
15 B* cross section. 

Fig. 2 is a schematic presentation of a 3-D, tiiin film battery on-chip. 

Fig, 3 • SEM of a CuaS layer on a flat, silicon substrate coated with a Cu layer. 

Fig. 4* XRD of CU2S on silicon substrate coated with a Cu layer. 

Fig. 5 -Oharge-discharge curves of Li/CPE/CuaS microbatteiy at 120X. 
2» Fig, 6 -Capacity loss of li/CPIE/CuzSmiciobatte^ 

Fig. 7« SEM of M0S2 on silicon subslxate covered witii a Ni Isyer. 

Fig, 8 -Charge-discharge curves of Li/HPE/MoS2 mi(arobatti»y at room 

teiqperature. 

Fig. 9 « Capaciiy loss of Li/HPE/ M0S2 microbatteiy. 
25 Fle-lCKCapacitylossofLi-ion/HPB/MoSamicrobattery. 

Fig. n-Charge-^charge curve of Li/CPE^oSa microbattery at 120''C. 

Fig. 12-Ci$}acity loss of Li/CPE/ lAoSi microbattery 

Fig. 13-Charge/disdiarge curves of Ij-ion/HPE/CoS miorobatter]^;;^ 



Copy provided by USPTO from the PACR bnage Database on 08/18/2003 



I 




-6- 

b^TAlLED DESCRIPTION OF THE INVENTION 

Battery capacity is dqectly pioportfonal to fhe area and titidcne^ of tiie 
tiiiii film (anode-elecfctolyte-cafliode) laareis, whicih fonn it. An inciease in tiie 

5 sur&ce-to>volame ratio of Has snbsttate upon which fte layexed tldn-film 
structure is deposited be achieved by, for eKample, etdiing the substtate (s^ 
dlicon) to finm an may of teoughrholes (cavities) of various shapes, by varioos 
diy etdmig tedudques. Nevi^ etching technologies, such as the Liductive Coupled 
Plasma aCP) Bosch profiwsi (see US Patents 5,498,312 and 6,303.512 to 

10 Laeimer, and 6,214,161 to Becker etaL.) can etch stmcturcs with very high 
aspect (hdght-to-widttk) ratio?, fiw example holes with a diameter of between 4 to 
200 jiia, through a Si substrate haytog a thickness of betweoi 20 to 500 jm. If 
battery tri-layer film struchnfes can he deposited confamally (i.e. foUovdng the 
contour of flie substrate) into tiiese holes, providing contuiuity from one side of 

15 fbs substrate to tiie other, a 3-D structure is formed, and the film area (and 
volume) and coosequentfy the batteiy eapaaay per unit vohime of die substrate is 
increased si^;nificant|y. Fori example, for a h(^ with diameter d bi a wafer of 
tiiidmess h (asgiect ratio » yA\1hs rado k of sur&ee area after etching to &e 
ori^na], *^asiaf state is 2fa/di- For a square canty with side a in fhe same wa^, 

20 li^i^a. Thus, for a typical wafer with h » 400)im And d w a =15^m, the hicrease 
in area is k=63, while fat ct-lO^ k-80. Ihis means a fbeorettcal increase in 
caJtaoHy to about 10,000 pAh per 1 ess^. 

For con^lete assemh^ of a micarobattoy, si few layers must be deposited 
sequentially and coofbfnnfllly on tite silictni substrate: cuhmt colleotoxs, 

35 electroactivBtnatBiials(cadio& and anode) and an ion-conductiv&separator. 

A. Substrate pnparatioii 

A ^con substrate contaidng axtays of through-holes was pr^ared using 
photoliOiogcaphy and deep reactive ion etching (OKIE). The 3" silicon vn&x was 
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double polished, (100) orienm|tii>n, with a thickness of about 440 \m. The wafer 
was coated on one side vyitt' about 1 1 pjn ofAZ 4562 photoresist, and arrays of 
square holes with a side diya^ioh of 80 jtm and inter-hole spa:oiBg of about 220 
ysn were defined* Hie sequence of photolithography steps includes: 

} I . . J 

1. Dehydiation bake tpf i wafeis aftet cleaning - 2niin, at the 
temperature 110°C-JnW hot p^^ 

2, Dispensing photoresist aiid spidiiihg at about 1400 RPM for 30 
seconds, ^^i', " 

10 3. Solvent removal bake at 1^ 0*^0 for 1 nun. on 4 hot plate, 

4. Exposure for betwefcij 17 to 22 seconds in a mask aligner, 

5. Developing for 4-6 muiutes in A2J-726 developer, and * 

6. IcixA bake at 1 l O'^C fdc^i minutes on the hot plate; 

1% After photolithography, holes were etdied using DRIE in a Plasma -Tharm 

SLR 770 ICa* system using a standard Bosch process. 

Fig. 1 A shows the SEM micrograph of a perforated silicon substrate, from 
top view, while Fig. IB shows flie SBM micsrogr^h of the cross section of same 
substrate. As can be seen from the image, through cylindtical channels of about 

20 4Qmm diameter are obtained by the ICP etching method. 

i 
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B* Deposition of layers 

There an two optional configotations of the high surface area, 
5 3-dimenstonal "on-chip" miorobatteky (3D-MB). The first one (3D-MB-1), in 
which the cathode material is deposited directiy onto Hie silicon surface, and the 
second (3D.MB-2), as described in U.S. Patent No. 6,197,450, incorporated 
herein by lefeacence , where the anode material (Bthinm or carbon) is in electronic 
contact tvith the substrate. In the latter case an additional layer between Si and C 
W or Li must be created in orderto eliminate intercalation of Li-ions into the bulk of 
silicon at low voltage, tig. 2 shows the 3D-MB-2 concept 

On& example for a thin fflm cathtrde deposited accoi^ngno fh& metbrod of 
the present invention is that of copper sulfide. The silicon substrate was pretreated 

t5 m solutions of H2O (5)Ji202(l)JaH40H(l), H^O (6):H202(1):HC1(1) at 80 - 
100 and in isopropanol, for remo^oiig oxides and organic contaminations. The 

. sample was further wet^etched in a strong basic sotafion, rinsed in water and 
immediately immersed in a Pd-contaming solution for faicreasing of catalytic 
activily of the silicon substrate sur^. Electroless deposition of copp^ on the 

20 silicon substrates was caiiied out in a CuS04/(ICX)H solution and resulted in a 
uniform copper Ihin fikn of 500-700 lim. Coppar-deposited silicpti maniples were 
immersed into an electrolyte solution containing Cu^'*' ions and surfactant 
materials. Electeocheanical copper deposition was carried out at constant current 
density (20-50 mA/cm^) for a few minutes. A thicker layer (5-20 micron) of 

25 copper was fonned on Oiese sificon samples. This layer serves as the cuzmt 
collector lajrer. Cqpper-deposited siKcon substrates were introduced at room 
temperature into an aqueous solution of polysulfides (mixture of lOmM NaaS, 
O.lMNaOH and elemental saifta) and electrooxldizedat a constant current of 0.1 
mA/cm^.0.5 mA/cm^ for a few seconds. As a result, a tUn (1-3 micron) cathode 

30 l^er of ttystaUine (verified by XRD) CU2S was fomed on the cqppeMoated 
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silicon- The copper electrode was calhodlcally polarized prior to CU2S film growth 
• to ledace any residual oxide l^er. 

Kg. 3 shows the SEKf crossrsectlanal view of the copper sulfide layer 
deposited onto c<>pper coated silicon wafiar. The cmcic between Co and CuaS 
5 layew, seen in the lower part of this unage, is caused by ipienching in Hquid 
nitrogen, which was used fijT erosa^ection cutting of the cathode. 

The powder XRD analysis of the as-^sited fihns (Rg.4) on silicon 
revealed ci3«teUographlc pwks belongmg to the dq)osited Cu %er and ^^^^ 
Chaige/dischaigfi curves of ihe CmS/composita pob^er electtoJyte^um 
10 battery operating at 120»C and cuncnt density of SOmA/ciii* is represented by 
with weM-pranonnced plateau at about 2.1V (Mg^. Hie capacity loss of &o 
battery is about 1.4%/Gycle. as showed in EIg.6. 

Another example of a cathode fisdued uid^ig itib mOm of the present 
invention includes a tbui fihn cathode of Mb& obtained by calhodic reduction. A 
ifi siUcon substrate, eledrolessly coated with a ihm film of nicfcel (having a thickness 
of 200-300 nm) which serves as the cuneut collector layer, was immersed into a 
solution containiAg MoS4^ ions. The formation of an ultra thin fihn (300-600 nm) 
of M0S3 was accomplished by eledroreductKm of MoS**" ions on nickelnwated 
silicon samples at a constant current density of 10-15 mA/cm*. 
20 B!^ 7 shows a SEM micrograph of &e cxossHsecSon of a cathode 

deposited on anidcel-coated afflcQn substrate. A comp^c^ highly adbercsit iihn of 
about300to600nm-thickisbnat. Ihe powder XRD analysis of the as-deposited 
film on nickel revealed Myk^gnphic peaks belongmg to the nlckd subsixBte 
alone. Ihis mey mdicatb the £»mation of mahOy amorphous MoSadeposits. 



2S 



The next step hi the fimnatlon of a microbattety according to tiie present 
mveation is the deposition- of im Um conductive electrolyte on the 
ahea4y.dqK>sited ealhode kya. This was achieved by casthig a soluble pdymer 
mixture dhectfy onto fte cathode. Two ^es of conductive separators have been 
30 »»ed. The first is^a composite polymer electrolyte based on pob^(elhylm^ 
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* a lithium salt such as filUiuiiiL iodide, li^him iiifluoromeliiaiiesulfonate, Utfaium 
tiifluoioni^faaiiesulfo^iinide^^^^ bis^ibtlq^cxcatd, etc. and alumina or silica 
nanopartjcles. The Second is a so cialled %brid gel-polymer electrode 
(HPjB) leased on a nanoporoik^-mmbiiai^ floiuide) soaked 

5 with a lifhium salt CLiPFfiji'cji; Li-Imide) displved iii the BCODEC (ethylene 
carboiiate : dle^lcdibaoL^^ilele^ ds: diglyme (pG), 

' tetraglyme (TGX polye^l^ g^ dim^yl ether (PECSDMB, MW 500) can be 
used in HPBs as w^ll.j;'^^::3 Ishoji^ i^^^ ciiarge-discharge curv^ of 
Li/HPE/MoO^Sz cell, witli-^e/c^lbode'dy^^ on a nickel substraite. The cell 
ID was q/cled at room temper^o^ and i<f=^»iO ixA/cm^.' The sloping character of 
the curves is lypioai to in^rtiQQ/de-insertic^ process into a sin^le^-phase- host 
material according to the f^^ 
MoOySi+xti+i^^Lfei!^^^ 

It is to be emphasized tljat ^p' to ^*fbld increde in ttie eutrent density did 
15 not influence botb the shiqsie of the cuiVes (curve* ixi comparison to curve a), 
and the degradation rate. Abbjit ,0!8 and Qi6 mole atoms of lithium was reversible 
Intetcalated at low andvldgh cbxidnt density, ^respectively. The l"* q^cle utilization 
of the cathode activa |aut^^^^^ Th0 IJ/HFE/MoOySz cell ran 

over 1000 successive cycled yjtfa;0,OS^cycle'^ and 100% Faradaic 

2ID efiiciency, as showed id Fi^!9. Fig. 10, $iiows the plots of capacity loss and 
charging efBcimcy of the Li-ion/EiPB/ ft/foSa cell wilh the cathqde djeposited 6n 
nickel coated silicon substrate. Tlie cell was qrcled at room tmiperature and 100 
pA/cm^ rate. As can: be seeEij&om the Vig^ similarly to tfie iv6viou8 case, 
during more than 1000 reversible 1009iDOD cycles the degradation late did not 
25 exceed 0.0S%/cycle did the Faradaic efficiency was close to 100%. 
Charge/discharge of Li/LiImideiPCEO)2oEC] 12% (v/v) AliCb/MoSa cell was 
canied cut at 12S^C 0%11). While the same chaige-discharge mechanism has 
been expected in this electrochenucal system, tihe degradation degree in 
' Li/CPE/MoSi cell was higher than in HFE-consisting batteiy: 0*5%^cycle 
30 (Fig.l2). This may be caused by poor contacts and insttfiBcirat ionic mobility in 
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file all-solid-state battery. Noteworthyp that no self-dischaige was detected in aU 
the Li/MoS2 cells under investigtfion. Slow overdischarge to 0.2V does not affect 
&e subsequent cycling behavior of the Li/Mo% 

in order to ingxrove the perfonnance characteristics of a battery, it is 
s known in the art to &nn a protective layer on cathodes. Such modificatton 
involves ihe coatfng of pyiite parfides 1^ a very fhin ion^conductive protective 
fObn,. known as the solid electrolyte interphase (SET). The formation of SBI on 
cathodes provides protection to the cadiode active material in fully charged 
. and/or ftdly discharged states and imjuroves the perfoiinance characteristics of the 

to bsdtery. For Ingh performance characteristics of litiuum and Li-ion batteiy tiie 
SEI must be die electronic resistor and ionic conductor. A novel use of this 
technique is described m the present invention, according to whidi a SEI is buik 
in situ as a solid ion-conducting eleekolyte in SD^jaaicrobattecies^ The SEL is 
electrochemically formed by overdischarge of the cell during 1"^ and possibly &w 

15 . followhig c/cles. This procedure may be carried out during electrochemical 
lithiation of grapliite in Li-ion batteries 

For a lithium batteiy, a metallic lithium electrode was used as anode 
material. For lidiium-ion qspUcatlons, additional casting of liCUated graphite 
particles with polymer used as a binder is needed. Alternatively, there is a 

20 possibUify to make a microbatt^ in a slight^ different wesy^ when the l^er 
d^osiled on the current collector is the anode and not the cathode. This can be 
done by dectrochendcal deposition of an anode material such as SnisSb^ onto the 
first iBy&c of current collector^ or by chemical vapor dqiosition of a carbonaceous 
precursor oh nickel -deposited silicon (a nickel coattaig would act also as a 

:^ catalyst), with successive formation of a soft carbon that can be used furfhtf as an 
anode for lithium-i<m batteries. 

For die three-dimensional batteries of both 3D-MB-1 structure, (in which 
the cathode material is deposited <&6Ctly onto the substrate surfitce), and the 
3D-MB-2 structure (where the anode material is in electronic contact witti the 

30 substrate) the fiOling of cylindrical holes of the prorated silicon by HFB and 



Copy provided by USPTO from the PACR Image Database on 08/18/2003 




- 12 - 

litbiated graphite can be peifomied by spinning and/or vadium. 
' MSLerabtttterv Performancfi \ 

$ Examples of the perfotmance of microbatteries invoivhig these 

eleclxochOTucally deposited cptliodes include fliat of a planar tfiin film Li/copper 
sulflde-on silicon battery qrcled with solid polymer and gel electrolyte at 120^C 

. and at room temperature. The degree of degradation of both cells was in &e range 
of 1.5-2.5 %/cyoIe. The capacity loss of a Li/sdid po^oner electro|yte/mixed 
lb cobalt cathode cell was about 3%Aycie. Another ^canqile hiciudes a planar lom^ 
Li/gel polynier electrolyte/molibdenum sulfide cell that went ihrou^ over 1000 

: reversible cycles with a capacity loss of less than 0.1%/cycle at room 

. temperatme. 3D LiAaa/HEEMoSz battety went oyer 50 reversibte cyd^ vAlb 

capacity loss about O.S%/Gycie! 
15 Microbatterles routinely go more than 100 cycles. The fUn-fihn CuaS/Li 

battery can operate both at room teinperatar^ and at moderate terriperature 
120*C. The cell delivers & re^iargeable capacity of 160 mAh/g widi a flat 
potential plateau at ca. LfiV vs. Li/Li*. 

2[d EXAMPLES 

iBxamplel 

A secondary electcocbeihical cell, consisting of a litUhim anode, hybrid 
i5 po^onerdecirdyte and M(^ca&ode on siUcon substrate was assc^ 

In order to remove organic and metallic residues, the silicon substrate was 
inuncrsed into mixture sohition of H2Q2: NH»OH for 5 min at 70 C and washed 
in deionized water with successive unmerBion mto H2O2; HCl mixhro for another 
5 min. A&et rinsing in deimiized water the substrate was etehed in NBUP: HF 
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solution for 2 inii ^3i^b?^s^ jwas accomplished in 

PdCl2*tCl:HF:CH3Cb(bH soiiiiioii'at ro6m ttatiperature'for 2 min- 

A 0.3^an thick catho^^jx^. prepared by reduction of MoS4^' ions on nidcd 
coated silicon substrate at j^onsta^^ cedent densils^ oV 10-15 ipA/cm^ Nickel 
S deposition was carried oiA';^a^k|)4:l^^ CHsCDONa) solntipn 

with pH«*4 and ef^}^^ for a few minutes. Tie 

thickness of deposit'is a ftini?t|^iohtoe ^d c^nlbe vo^^ 

Dqjosition of !ia«^i^^t <^ ^oia aqueous solution of 
: tetrathiomolybdate. Potes&irito.j(^ (0.1 M) was itke supporting electrolyte. 
1 j) Eleetrod^osificii was catked^putiat roo^ traip^atiire. The electrodqposition ^as 
; accomplisbed under consist 'etaicot '^ndty of 10 mA/cm^ fbf 4 nun. The 
deposited samples vmh Ifa^QUgh^ rinsb^ m dd<»aized water and vacuum-dried 
ateLevatedtmip^atarei. ..^LM 

SEM microgr^flss ^ig. 1) tey^al that tiie hbm deposited at room 
15 temperature are fSdrly:caii^#iou9 w^^ cracks. BDS measurraients 

showed 1:2 Mo:S ?Btio. XI«S daja si^iportediWs conqiositicn. The films were 
' X-riytranspaxent^iluficatingamj^^ 

The dwsen polymer for liy&kd polymer electrolyte (HDPB) js cosmmerdally 
available PVDF-2S01>cc^poIi*icr (Kynar)! ^ FVDF powder vfds lUssolved ta 
io hi^-fRirily cydopentanme (Aldrich). Fumed silica 130 (pegiissa) and propylene 
carbonate ^C, MerckX ^ndlar to flie Bellcore process, were added and fho mixture 
was stinted at room temperature fior about 24 hours to get homog^ous shmcy. 
After complete dissolutson^ tfj^ shany was cast on &e Teflon support and spread 
with tbe use of the dokor-tiaSde technique. To prevent surface irregularities, the 
35 fibn was then covered with a box jaerced with holes that allowed a slow 
evapotaticm of toe cyclopentanone. After complete ev^oiation of the 
^clopentanone, a 13mm diameter disc w^s cut from fhe polymer membrane. It was 
soaked in Lfltaide-based electrolyte for 48 hours, in order to ensure a complete 
exchange of ifae PC by electrolyte, at least three ftesh portions of electrolyte were 
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tised far eacb soaking. Lilniid»<^lene carbonate (JSC.y.6xme(byl caibooate 
CDMC) 1:1 (v/v) based dedrolyies were stared in a glove box with Li cWps. 

The tJ/HPE/MoS2 cells wok cycled at room ten^ecature using a Maccor 
Series 2000 bstteiy test sfystem. The voltage cutoff viras 13 to 2.4 V. 
chaige/dlschaige current density- lO-lOOjiA/cm*. The Li/HPE/MoSz cell deliveied 
above 20 ^Ah per cycle at lOO^cm* (Fig. 9) for over 1000 revetslble cycles with 
the c^ifyfiwie6fO.05W(yclc. The FaiBddceffidea(gr was close to 100%. 

fizauplel 

10 A Li/conqjosite polymer dedrobrte(CSPByMoS2b^ 

The cathode was prepared as in Exanqile I. 

A SO pm fliiofc fihn con^osite potymer electrolyte with a ecmqiosition of 
Lilhiidei P(B0)2d ECi 9% v/v A^Qa^was prqtared fam 45 mg Li&nid^ 300 mg 
F(BO), 30 mg EC and 100 mg AbOs. 

15 

Poly(e<iQtoie oadde) CP(EO)) was purchased fiom Aldiich. (average 
molecular weight 5x10*) and was vacoom dried at 45 to 50 "Cftw about 24 hows. 
= A polymer shidy was prqjaredl^ydlqjersmg known 4^ 

and ethylene carbonate (EC) in analytical grade aoetonitxile, together with the 
20 required amount of an inaigatdcfiUeii such as A12QjCB^ 

dfameter of about 150A. lb ensure the formation ofahomogeneous suspension, an 
; ultrasonic baft or hi^specdhomogsniaw was used. The stined 
; for about 24 hours befiae the PE films were cast on the fine polished Tfefloin 
support (64 cm' area). The sojlvent was allowed to evapoxate siawfy and then the 
7S films WW vacuum *ied at 120 -C for at least 5 houra. The final 1hida«^ 
• so^ent-ftee PEfihns was between 30 to 50 ^m tWdc 

The U/composite po^er electrdlytB (CPE)/MbS2 balteiy was cycled at 
120»C and current density 50 mA/cml Tbe voltage cutoff on disi^e was 1.1 V. 
Ihe voltage cutoff on charge was 2.2 V (Fig.llX The cell went fhrough over 40 
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rem^le cycles (100^ DCipX .and the degree of degradation did not exceed O.S 
%/cycle.(Fig.l2)- 

1 • • . * 

s KxamideS 

A IJ/CPB/CU2S ceil i!(ddi a 1 (jm Ilu(^ fita 
and assembled as described in Example 1» staiting with the foUo^g starting 
materials: 33 mg Lil, 216 mg P(EO), 41 mg EC, lOOnag AhOs . 1 00% Dense CuaS 
cathode ivas prepared by ano^c oxidation of nifitaUio copper layer elec^xod€|)osit^ 

10 on ibB electroless copper. Tbst silicon substrate was pz^reated in solutions of QzO 
(5)Jfc02(l)Ml40H(l). m> (Si^WiiWm) at 1^ 80 -100 «C and ift 
isopropanol, for xenumng oxides and organic' contaminations. The sample was 
fbr&er wet-ctehed^ In a sliotlig basic sblotton^ rinsed in "Vi^ter and* immediately 
immersed in a Pd-coDtainiiig| solution 'for increasing of catalytio activity of the 

15 silicon substrate suzfice. The! sohition for electzoless copper deposition consisted of 

• (gfL): 10-15 CUSO4X5H2O, 10-15 NaOH. 2-3 NiClixHbO, 0:001 N^SiOg, 

. 15.25mL/LHCOH(37%) 

The electrolyte for copper electrodeposition contained (g/L): 200-250 
CaS04xSH20 and 50-60 B2&O4. The electrodeposition was perfhimBd at room 
20 tempexatuTB and current densiQ^ of 50 xoA/cia? &r 8 niln. This copper layer was 
decttooxidised in an aqueons. solution of poiysulfides (mixture of lOmM Na2S, 
aiMNaOH and elemental suMiir) at a constant cunrent of 0.1 mA/an^-0.5 mA/cm^ 
fixr a few seconds. SENl ii]ic^j|)grs^ of tiie $HdQai-c6pperH:qi^ sulfide i^ets is 
shown in Fig. 3. XRD dala af^ tiie obtaining of Cu^ compound (Fig.4). 
2i9 The Li/CPE/CusS cell went through over 50 levecsible qycles, and the 

degree of d^daiion did not exceed 1,5 %/cyola (Figs. 5, 6). 
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A Li/HPE/CuaS cdU ^ith a 1 jim ihick film cathode was prepared and 
assembled as described in Examples 2 and 3« The cell went through over reversible 
5 120 cycles (100% DOD), witblflhe ^gree of degradation being 0.8 %/cycle. 



Examples 



A LI/CPE/WS2 cell i Willi a 0,4 thick film composite cafliode was 
ID prepared as described k jfiiani^ 2. Hie cellj went throu^ over 135 reversible 
cycles (100% DOD), and the iiegree of degradation did not exceed 0.2 %/cycle 



Example 6 



1. 



IS P^UICBWCxiScGUvi^ LizS^ 

to Lil ratio « 1 : 0-25 was assctabled as described in Example 3 . The Li/CPE/ CU2S 
ceU was cyded for over40 (100%.DOD) cjrdes. 

Eicajniple? j \:| 

2D A li/CPB/Co^gy cell iiv3fh{a 0:3 pm thick fifan contposite cathode with a 

was assembled as described hi Example 3. 100% dense CoxSy cathode was 

prepared fay electrochemical oxidation of metallic Co in ttie solution of 
. po^ysulfides. The Ll/CPE/ to^y cell was cycled for. over 30 (100% DOD) cycles 

(Fig. 13). ' ^ 

25 

Examples 

A fithitmi-ion/MoSa cell wiOi a 0.S pm fhldc film cathode and hybrid 
polyma: dectrolyte was prepared accoidSng to the procedure of Example 1. The 
HPE castmg was perfonned onto cathode dejsosited silicon. The lithiafion of 
30 graphite powder was carried out as follows: 
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L Polymjer binder (poiystyxene) was dissolved in toluene. Afier 

dissolution, graphite powder (of few lixiAcxadTm average pardole size) was added 
. to the mixture. The resulted slurry was spread on copper current collector by 
' doctor blade. 2. This electrode was vacuum dried and assembled wlHi lithium and 
5 ion-conductive separator (Celgard soaked m IM LiPF6 EC:DEC 1:1 v/v) in 

cells. 3.Afier few successive cycles^ the cells were disassembled and lithiated 

electrode was rinsed In DMC and vacuum dried. 

The liffijated gnqphite electrodes were used as anodes hi li-lon/HPE/MoSs 

on- silicon battery. The battety was revmibly chaiged-discharged for over tiian 
ip 1000 cycles with capacity loss of 0.06%/cycie. The Faradaic efSdency was close 
* to 100 %. The batteiy delivered about 10 ^Ah per circle (Fig.lO). 

Example 9 

A 3D-li&ium-ion/Mo32 cell with a 0.3 thick film cathode and l^rid 
15 polymer electrolyte was prepared accordmg to the procedure of £xanQ)lea 1 and 
8. The electrodeposition was carried out hi 0«OSM tetratiiiomolybdate electioljte, 
Lifhiated graphite (see &cample 8) was pitted off jBoom the copper electrode and 
introduced into toluene solution. Few hours of stirring tesulted in homogenous 
. mixture of liduated graphite apid binder ui tohiene. The filliog of qylmdrical holes 
io of the perforated silicon 1^ HPE and lithiated gnpiute was performed by 
spinning. The battety was xeversibly charged-disdiarged for SO ^cles and 
delivered 35 jiAh pea: cycle. The Faradaic efiGdenqr was dose to 100 %. 
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; CLAIMS: 

1. A method fc^ producing a ]l^'£Om cailiode comprisiDg; 

(b) electrolessly, .^epositmg a layer of a conducting 
material on the si]r&oe.pf a substrate, and 
5 (b) eIectxQche4li^d|y finming on ttie sutfice of said layer of 

conducting materi^ a cadiodb material *wfaich compxises sulfides or 
oxides of a transitiph liietal an4 mixtures of sodi sulfides and oxides. 

2. A method according to clfloml, said baOiode bdngusedinahigbenogy- 
density xmcro-dectiodiemidaleEieigy storage cell. 

lb 3. A method according to: cl^ ^ wherem said micro-electrochemical mergy 
storage cell is a Li or I^i ion xnic^battecy. 

4. A melhod according to clam 1 wherein said subslrate is provided >vifh a 
plurality of through cavities of arbiirary shape, haling k aspect rado greats itan 
1 and said cathode material ]5:dep05ited between said cavides and ^ughout the 

15 imiersurfiaceofsaidoavltieili J. . , , 

5. A method according to 'ciaik 4, wherein the tfarou^ cavities of the substrate 
have an aspect ratio of betw^iii 2 fo abptit SO. ' 

6. A method according to elaun.< wlterein said cavities have a cylindrical 
geometiy. 5 [ \ r • ' 

20 7. AmefliodaccocdingtoCllaiml wfaetdnsaidsidisl^ 

gioap consi s tins ^xm glass, alimina, semicandoctor oiateiials. ceramic 

' . ' • . ' 

materials, caganic polymer?;:|jargamc polym^ and g^ass-epQxy composites. 
8. A mcfliod accordhig to tiahn 7, wherein said semiconductor material is 
silicon. 

25 9. A method according to Claim 1, ySierein said layer of conducting material 
formed in step (a) is ccm^aUble witli the cathode active material^ and selected 
fiom Cu, Ni, Co, Pe, Au, Ag, Pd, Pt and their aUoys 

10. A method according to Cl^ 1, vftoem said cathode materials are selected 
fromCu2S,MDS2,Cc^SyWheirex=l-4andy=M0,CQtaObwherem'=»l-^ and 
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I 

n~l-3, WS2, and mixtures thereof. 

11. A thin film catfaode layer- being prepared by the method of claim 1 . 

12. A thin film cathode lay* being prepared by the m^od of Claim 1 on a 
substrate provided with a pluiiality of througji cavities of arbitraiy shspe, having 

5 an aspect ratio greater flian 1 and said ca&ode layer being deposited between said 
cavities and ihroughdut the inner smftce of said cavities. 

13. A microbatteiy comprising the catliodc of claim 1 1. 

14. A sdf-powered semiconductor component compriskg a microbatteiy 
accoFdmgtoclaim 13. 



15 



20 
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ABSTRACT 

t 
t 

The present invention provides a mettiod for producing a fbin film cafhode. 
The method comprises ib& steps of electzolessJy depositing a layer of a conducting 
5 material on Hie surface of a substrate, and electrochemically depositing oh &e 
surface of said lay^ of cooiducting material a cadiode active material which 
cornprises sulfides or 02ddes of a transition metal aUd mixtures of such sulfides and 
oxides. The cathode prepared iby the method of the invention may be used in high 
' energy-density micn>electrocheniical energy storage devices such as Li or Li ion 
ID miccobatteries. According to a prefenred embodiment, the insuladng substrate is 
provided with a pharalily of through cavities of aibittaiy shape, for example a 
cylindrical shape. 
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